Abstract. Measurements of gaseous elemental mercury (GEM) fluxes over snow surfaces using a relaxed eddy accumulation . The data support the theory that gaseous oxidized mercury (GOM) is 15 deposited during AMDEs followed by formation of GEM on surface snow and is reemitted as GEM shortly after the AMDEs.
Introduction
Mercury (Hg) is a toxic element found in the atmosphere primarily as elemental mercury. Airborne Hg can have several forms: 20 gaseous oxidized mercury (GOM), particulate bound mercury (PBM) or gaseous elemental mercury (GEM) increased with increasing solar radiation, suggesting GEM production in the snowpack (Faïn et al., 2013) and that GEM production follows AMDE . This is most likely due to photoreduction of GOM and subsequent emission of GEM; however, it is also possible that a correlation between solar radiation-induced parameters such as heat flux or temperature change and GEM fluxes exists, making it relevant to look into temperature and heat flux as well as radiation in relation to GEM flux. 25 A recent non-Arctic study with a similar setup to measure GEM flux during snowmelt in Degerö, Sweden revealed diurnal variations of fluxes showing deposition from midnight to noon and emissions from noon to midnight with a mean of 3.0±3.8 ng m -2 h -1 (Osterwalder et al., 2016) . Furthermore, Osterwalder et al. (2016) found significant difference between GEM fluxes during unstable, stable, and neutral conditions with a near-zero flux during stable conditions, emission during unstable conditions and deposition during neutral conditions. 30
Previous GEM flux studies in the Arctic were mainly performed using chamber methods (e.g. Ferrari et al. (2008) ) and the aerodynamic gradient method (AGM) (e.g. ). The overview in Table 1 clearly shows the large variations in GEM fluxes found by studies performed in the Arctic. Chamber methods are attractive methods for measuring fluxes because of their low cost and simplicity but they suffer from a number of weaknesses. They only capture the flux over a small area, the chamber affects the surface over which the measurement is taken and they can modify physical properties such as light and temperature (Bowling et al., 1998; Fowler et al., 2001 ). This implies that the measured flux will differ from the natural flux. The AGM is not altering the surface; however, it requires a homogeneous surface several hundred meters upstream from the measurement site. Furthermore, it is assumed that the vertical profile is only a consequence of the vertical turbulent transport; nevertheless fast chemical reactions can affect the profile. Strong stratification violates the 5 assumption of gradient measurements, thus the relaxed eddy accumulation (REA) method is in our opinion the best possible option to measure GEM flux. The most direct flux measurement technique is the eddy covariance (EC) technique (Buzorius et al., 1998) but close to the surface this technique only works for fast responding monitors (sampling frequency >5 Hz), which is not available for Hg. Therefore, we chose to employ the REA method (Businger and Oncley, 1990) which is based on EC and the method does not affect the surface. Oncley et al. (1993) reported results with agreement within 20% for EC and REA 10 and a study by Hensen et al. (1996) shows agreement between EC and REA within 10%, a difference that is reported not to be significant because the main error for REA is the determination of the concentration difference.
The aim of the study presented here is to enhance the understanding of the processes controlling the fluxes of GEM over snow- At the beginning of the measuring period at the end of April, the snow depth was 1.02-1.03 m. Little precipitation was observed 30 and the snow depth varied between 0.94 m and 1.09 m during the campaign. When we ended the measurements, the depth was 1.00-1.03 m. The changes in snow depth are due to blowing snow or sublimation as the temperature never rose above -1.7°C, with a mean temperature of -16.7°C. Snowmelt did not remove the snow until mid-July.
Air mass trajectories
To evaluate the origin of the air masses, backward trajectories were calculated using the NOAA HYSPLIT model (Rolph et 
Local meteorological measurements
An ultrasonic anemometer (METEK, uSonic-3 Scientific), installed at 6.40 m above ground level, was used to measure the wind components in x-, y-and z-directions at 10 Hz (see Figure 5 ). Fifteen-minute averaged values were calculated for wind 10 speed, wind direction, friction velocity, temperature, stability and turbulence intensity.
Measurement of GEM flux
Atmosphere-surface fluxes of GEM were measured using the REA technique proposed by Businger and Oncley (1990) , where the vertical turbulent transported flux is estimated from: value for b can be used, but it is preferable to determine b from site to site from other scalars like CO 2 or temperature under the assumption of scalar similarity (Gao, 1995) . 25 Often a wind-controlled "deadband" is introduced to avoid sampling of eddies with a vertical velocity close to zero. A threshold above or below zero indicates this deadband, and the magnitude of the fluctuations of the vertical wind velocity must be larger than this threshold for air samples to be collected. This also decreases the switching frequency of the valves by removing many small fluctuations. As a consequence, the deadband will increase the concentration difference between updrafts and downdrafts, hence b is reduced to compensate for the increased difference (Ammann and Meixner, 2002). 30
The overall system is shown in Figure 5 , the system consists of two automated Hg vapor analyzers (Tekran, model 2537X) used to measure the GEM concentrations in updrafts and downdrafts, respectively. Data from the two Hg analyzers was 
CO2 flux determination for calculation of b
We determine the proportionality factor b used to calculate fluxes of GEM from CO 2 fluxes assuming fluxes of all gases are transported by the turbulence in a similar way. In contrast to the GEM flux, CO 2 flux can be measured using the more direct EC method, thus b can be estimated from the measured CO 2 flux and CO 2 concentrations using Eq. 1. 30
Close to the REA flux system, an enclosed CO 2 gas analyzer (LI-7200, LI-COR Inc.) was mounted on the boom with the inlet directly below the ultrasonic anemometer 6.08 m above ground and above the GEM sample inlets. The gas analyzer measures CO 2 and H 2 O concentration at 10 Hz to derive the EC flux of CO 2 and H 2 O. The CompactRIO compiles all data from the gas analyzer, valve positions and meteorological data from the REA system. The flux of CO 2 was measured in order to determine b from the EC CO 2 flux and back-calculations of CO 2 concentration in updrafts and downdrafts compared to the valve positions (Gao, 1995; Ruppert et al., 2006) . Similarly, b was determined from temperature flux measurements. For each interval, b is used to determine the REA flux of GEM. 5
Meteorological conditions or parameters, such as temperature, wind direction and speed, heat fluxes, relative humidity, pressure, and water vapor were measured for further analysis of the GEM fluxes. The Monin-Obukhov length (L) was calculated in order to estimate stability, as atmospheric stratification is expected to affect the surface exchange. Stability is often described as z/L, where z is the measurement height. In order to ensure data from a well-developed turbulent flow field and a reasonably constant wind direction, wind speeds below two m s -1 were discarded. 10
For an ideal Gaussian joint probability distribution of the vertical wind speed and the scalar concentration, b has a well-defined value of 0.627 (Wyngaard and Moeng, 1992). However, experimentally determined b's for fluxes of heat, moisture and CO 2 typically range from 0.5 to 0.7 (e.g. Katul et al. (1996) most part they refer to a limited stability range (-1.5< z/L <1.5). In the high Arctic, we often find very stable as well as neutral and slightly unstable stratification. In order to keep the estimated b values within a well-investigated stability range, data are discarded if they fall outside the stability range of -1.5< z/L <1.5. If b in a given experiment differs too much from the expected value, the probability distribution is likely to differ from the Gaussian distribution, thus in the present experiment, data was discarded in periods where b derived from T or CO 2 was below 0.2 and above 0.8. 30
After data filtration, 26% of the total 1653 measurements were approved during the campaign. We are aware that this is a very strict filtration; however, this ensures that the data used for the analysis are solid.
Several The measurements were started when depletion was already present and, as seen in Figure 8a and Figure 8b , depletion (low GEM concentration during April 23-25 (AMDE 1) and May 2-5 (AMDE 2)) was followed by GEM emission as observed by Brooks et al. (2006) , supporting that GEM is reemitted after AMDEs. The results correspond to the general understanding that 10 GEM is initially removed rapidly from the atmosphere. This removal is most likely due to photolytic oxidation to oxidized mercury, which, contrary to GEM, has a very low surface resistance (Skov et al., 2006) and thus deposits relatively quickly. It is generally accepted that GEM production in snow is the result of a photochemical reduction of oxidized mercury to produce GEM. Thus, at first we hypothesized that oxidized mercury is reduced photolytically to GEM in the surface snow followed by reemission. However, Ferrari et al. (2005) found that production of GEM is linked to the snow temperature and according to 15 Table   2 ), but a less clear relation between CO 2 flux and temperature. Both GEM and CO 2 fluxes correlate with the wind speed ( Figure  30 10) and stability, thus we argue that the temperature could be a possible driver for the GEM emissions presented here. Oxidized mercury species are water-soluble, hence it is assumed that reduction of deposited Hg takes place in the aqueous phase (Steffen et al., 2015), which is followed by emission of the more volatile GEM. It is possible that the temperature relation observed in present study is due to an increased water content in the snowpack. Heating of the surface (i.e. downward sensible heat flux) and upward latent heat flux (evaporation or sublimation) occurred on April 27 during the first larger GEM emission event (Event1), supporting the temperature-and water-dependency hypothesis. However, we found no strong relation between GEM flux and latent heat flux in general (See figure 11a) , but we observed that high emission of GEM was in general associated with downward sensible heat fluxes (Fig 11b) . A clear diurnal pattern for the radiation intensity was found, with the maximum at noon and the minimum at midnight, but these diurnal variations seem not to correlate with the GEM flux or concentration 5 directly, see Figure 9a . Nevertheless, it is likely the snow is heated by the relatively strong solar radiation (> 400 wm -2 ) during the day and by the air, when this is warmer than the snow. Unfortunately, we did not measure temperature or humidity in the snow, to support the suggested relation between emission, snow melting and air temperature in our study.
The increased concentrations of GEM may not only be caused by increased emission but part of the concentration increase could also be due to long-range transportation of GEM. Trajectory calculations of air mass transport on April 27 show 10 downward mixing from higher elevations (Figure 3a) , which could introduce air masses with higher GEM concentrations to our measurement site. However, at the same time we found upward fluxes of GEM, and in order to obtain an upward surface flux, the concentration in the snow must be higher than in the atmosphere.
The GEM emission on April 28 (event 2) was followed by an increase in GEM concentration on April 29. This occurred as the stability rapidly changed from stable (z/L> 0) to unstable (z/L< 0) conditions. The GEM concentration was relatively 15 constant around 1 ng m -3 on April 28 but increased threefold as the stratification changed from stable condition to unstable on April 29. According to trajectory calculations, this sudden increase was not caused by mixing from aloft ( Figure 3b ). We speculate that strongly stable conditions can result in GEM buildup directly above the surface, similar to CO 2 storage over forested sites (Yang et al., 2007) . Surface emission of GEM into a relatively shallow layer of air will result in its higher concentration close to the ground. This buildup concentration would not be detected until the layer at the surface is mixed to 20 a higher elevation when the stratification becomes unstable. On May 7, (Event 3) a change from stable to unstable conditions occurred simultaneously with an increase in concentration, which also partly could be explained by inversion of the surface layer as described above. The concentration increase was rapid, although not as large as the previous event (event 2), but the GEM emission in the days before event 3 were low and the stable conditions only lasted for a few hours (5-6 hours). Thus, we argue that the low GEM emissions lead to only a minor accumulation of GEM in the shallow surface layer before the surface 25 layer was inverted. This concentration increase cannot be explained by a mixing from aloft as the trajectory calculations show a constant air mass transport pattern from May 3 to May 6 (Figures 3c and 3d) , which should preclude such an event. There are other cases of stability change during our measurement period, but often the wind speed is higher, thus a shallow surface layer may perhaps not be formed. If a "build up" or "storage" effect exists, the flux measurements are also affected, and evaluation of flux data becomes even more complicated, thus, a more detailed study of the structure and dynamic of the Arctic 30 atmospheric surface layers is needed.
This "shallow stable layer -inversion mechanism" is just a hypothesis, however, if this is a general pattern for very stable conditions, this can be an important effect, which needs to be considered in future measurements of Hg concentrations in the high Arctic. According to Osterwalder et al. (2016) , GEM REA fluxes were significantly different under stable, unstable and neutral conditions over a snow-covered surface. In the present study, GEM was primarily emitted under neutral and slightly stable conditions, and fluxes close to zero were observed under unstable and neutral conditions. On the other hand, Osterwalder et al. (2016) observed emission during unstable conditions, a small deposition during stable conditions and deposition during neutral conditions. The differences in emission during certain stabilities can be explained by a non-Arctic location and a very different dynamic of GEM. 5
We observe some (anti)correlation between CO 2 and GEM from Figure 10 . The correlation can be a result of the common correlation to wind speed, however, we speculate if chemical reactions or bacterial activity in the snow also could be part of the explanation of a correlation between the two fluxes; further research regarding this is needed.
In the following paragraphs, we compare our results to results found in other studies. We do not compare to studies using chambers since this is a very different approach. Chamber measurements are enclosure methods, and therefore run the risk of 10 potentially changing temperature, humidity, radiation, etc. (Fowler et al., 2001 ), furthermore chambers "capture" the exchange with the surface over a very small limited area. Micrometeorological methods, such as REA and AGM, are non-invasive and are thus more appropriate for comparing the results of the present study with other non-invasive methods. AMDEs are related to sea ice and snow surfaces. During the present study, the air masses recorded derived mainly from sea ice during the depletion events (Figures 4a and 4b) in spite of the local SW winds. 30
As mentioned earlier, we speculate that strongly stable conditions can result in GEM accumulation directly above the surface. 
Conclusion
Mercury is primarily transported in the atmosphere in the form of GEM and it is ubiquitous in the atmosphere. recorded. The results of this study support to some extent the general understanding of the AMDE mechanisms where GEM 20 oxidation is followed by deposition of GOM, which is partly reduced to GEM and reemitted into the atmosphere. Furthermore, the data show some relation between increase in upward GEM fluxes and increasing temperature and heating of the snow surface. However, the scatter on the flux data is large and the snow temperature is not measured in present study, thus further detailed studies to investigate this relation is needed.
The observed fluxes and concentrations are related to meteorological conditions and comparing concentrations and fluxes 25 found at other high-latitude sites reveals wide variation between sites. However, these comparisons imply that GEM fluxes and concentrations can be rather heterogeneously dispersed in the Arctic atmosphere due to the complex meteorological flows and stratification. 
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The arrows show the specific case of stability change referred to in the text. 
